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Galvanic Cell measurements utilizing a molten Pb0-3i02 
electrolyte were conducted in order to determine the thermo™ 
dynamic properties of the lead-silver system*
From the measured values of <£, and a s /  c) . T, t! :i o foil o w - 
ins functions :nre ov.-lu-'tc-d; F^b , u^}, S^, I*., rf,.,
S'2* F® 3*̂  F^ uhl qh jyE ud and S2*- pb * pi')* Pb* A? * As?9 Aft$ , , o , i , u , emu o o
Both lead and silver exhibited moderate positive deviation 
from Raoult*s law. At low concentration, both the activitie 
of lead and silver followed Henry * s law. The values obtaine 
for if ° ̂  and TTere le5B end 1.69 respectively at
1204°K« The lead-silver system does- not obey either the 
Ideal, Regular or Sub-Regular solution models0 The function 
shows a minimum value at Xpp ~ 0*2, indicating that the 
bond energy E^g^pb Is a maximum at the stoichiometric ratio
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The Pb0-Si02 melts were shown to be entirely ionic, with 
the lead in its divalent state of oxidation. At mol fraction 
of lead less than 0.01, both dissociation and displacement 
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The thermodynamic properties of the lead-silver system 
have not been well determined in the complete range of com­
position. A determination of the thermodynamic properties 
of this system is important in order to advance our under­
standing of the nature of liquid metallic solutions, and 
also to provide information for the desilverization of lead 
blast furnace bullion.
There are several methods which are commonly used to 
evaluate the thermodynamic properties of liquid alloy sys­
tems. These methods will be outlined in the following 
section.
A. Experimental Equilibrium Methods at High Temperature
Among the several methods suitable for the determination 
of the thermodynamic properties of molten alloys, the most 
useful are: Galvanic Cell measurements, Vapor Pressure
1
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measurements and Caloriiaetric measurements.
1. Vapor Pressure Methods
One method for determining the thermodynamic properties 
of molten alloys is that of measuring the vapor pressure of 
the species in equilibrium with the melt. However, vapor 
pressure measurements are not infrequently reported which 
disagree by a factor of 100 or more, as has been noted by 
Hultgreen, Orr, Anderson and Kelley (1963, p. v). The prin­
cipal techniques in current use are: the Entraintment
method, the Dew Point method and the Knudsen Cell method.
In the Entraintment method an inert gas, generally hy­
drogen, is swept over the specimen at a steady measured cere 
at constant temperature. Equilibrium must be reached such 
that the carrier gas is saturated with the metallic • " ' s,
and the vapor content is then analyzed by condensation or 
absorption In a cooler portion of the apparatus. The deter­
minations are carried out at several rates of gas flow, and 
the criterion for saturation is the constancy of the concen­
tration of metallic vapor with varying flow rates. Unfor­
tunately, great difficulty is encountered in being able to 
saturate the carrying gas with the volatile species.
Another vapor equilibrium technique is the Dew Point 
method, which has been applied extensively. The alloy is
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sealed in an evacuated silica or high-temperature glass tube 
and placed in a furnace which allows separate control of the 
temperature at each end of the tube. The alloy at one end 
of the tube is heated to the desired temperature and the 
temperature of the other end is adjusted until liquid drop­
lets of the volatile component are observed through viewing 
windows. However, this particular method is somewhat com­
plicated due to the difficulty in being able to determine 
the exact dew point temperature. Furthermore, this technique 
is limited to systems in which one component is more volatile 
than the others.
An additional vapor equi librium method is the fetid sen 
Cell technique whereby the rate at which a gas escaping 
through a small orifice into a vacuum is measured, and from
the kinetic theory of gases it can be shown that under
restricted conditions:
P  -  SL_ /2'TT RT.fc , ^
P ~ At ( M > a >
where P is the pressure of the vapor, M is its molecular 
weight, m is the mass of the vapor given off in time t, and 
A the area of the orifice. For the formula to be valid, the 
mean free path must be much greater than the dimensions of 
the orifice. This condition sets an upper limit of about
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10“^mm Hg for the pressure inside the Knud sen Cell* Also the 
Knudsen Cell technique is limited to vapor equilibrium measure™ 
ments in which one component is more volatile than the others* 
Further, the identity of the vapor species must be independent­
ly established in order to evaluate the quantity M in equation 
(1).
2. Calorimetric Methods
Thermodynamic properties of molten alloys can be deter­
mined through calorimetric determinations* However, this 
method is somewhat indirect and at the present time, limited 
information is available on the construction and design of 
high temperature calorimeters.
3* Galvanic Cell Methods
The Galvanic Cell method is one of the most precise, 
since from the e*m*f• measurements it is possible to calcu­
late directly the partial molar free energies of mixing and 
from the temperature dependents of the Cell, it is possible 
to determine directly the partial molar entropies of mixing * 
However, while this type of measurement can be very precis€2 
and accurate, several conditions may be present in a partic­
ular cell which may delude the unwary experimentalist into 
thinking that results are of both high accuracy and precision, 
whereas they may have only high precision*
T 1095
In a simple cell, consisting of a metal A at the anode, 
an electrolyte containing AX, and an alloy A-B at the cathode,
as ;
A(i)/Electrolyte containing AX/A-B^) (2)
the half reactions are;
A — ►Az+ + ze” at the anode (3)
ze~ + Az+ ► A(alloy) at the cathode (4)
The virtual reaction of the cell for the passage of z 
coulombs of electricity from left to right in this cell is;
A (lj ** A(alloy) (5)
Of all the above techniques, the one which appears to 
provide the most reliable thermodynamic data is the Galvanic 
Cell techniqueo However, the limitations of these techniques 
in a study of the thermodynamic properties of the lead-silver 
system should be evaluated very carefully® An analysis of 
the applicability of this technique to the Pb»Ag system will 
be made in the following section.
B. Outline of this study
The use of concentration cell between a pure metal and 
a series of its alloys with less electropositive metals has 
proven to be a very useful method for determining the thermo­
dynamic properties of many alloys systems, Chipman, Elliot
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and Averbach (1960, p. 58-59), Taylor (1923, p, 2865), first 
introduced this type of cell with a fused salt electrolyte. 
This method, with several innovations, is the classical cell 
for thermodynamic investigations of alloys systems,
1. Analysis of the Limitations of Galvanic Cells 
In order to obtain a precise and accurate e,m,f. from a 
Galvanic Cell, it is necessary to make some essential con­
siderations :
In a cell,
A(i)/Salt containing AX/A"B(^) (6)
where A is a pure metal at the anode, AX a compound of the 
metal A contained in the electrolyte, and A-B an alloy with 
a more noble metal B at the cathode, there may be several 
conditions present to interfere with its reversibility or to 
change conditions in the cells
1. The electrolyte should show an appreciable conduc- 
tivity, that should be exclusively ionic: however, electronic 
conduction will also occur to some degree. Fused salts which 
have dissolved appreciable quantities of their neutral metal 
can be expected to depart widely from purely ionic behavior0
2, The participating ions may be present in more than 
one valency state, so that uncertainties exist in the value 
of the number of electrons produced in the oxidation or
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reduction of one gram-atom of metal A. Frequently this con- 
dition can be minimized by using a low concentration of the 
particular ion in an electrolyte which has a high concentra­
tion of the other ion of the compound0
3. Side reactions may occur between the electrolyte 
and other materials such as contact leads, crucible materials 
and the cell atmosphere, causing serious difficulty because 
of the change in composition of the electrodes and electro- 
lytes *
4. An exchange reaction, which is a special case of a 
side reaction,
AX(Salt) + B(l):= s A (l) + BX(Salt) (7)
can also occur between the more noble metal B of an alloy and
the compound AX contained in the electrolyte. This reaction 
causes changes in the composition of the electrolyte and the 
electrodes in the vicinity of the interface, producing an 
erroneous e0m<,f0 Wagner (1963, p. 326-32) has shown that the 
relative error due to the displacement reaction in a concen™ 
tration cell of the type described above is influenced signif­
icantly by the difference in the standard free energy of 
formation per equivalent of the compounds AX and BXo This 
difference has to be approximately 7,000 cal» or greater if 
the error in the calculated activity of metal A is to be less
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than 10% with an alloy containing 10 mole % of component A.
This situation can sometimes be improved by selecting the 
proper electrolyte,
5, In measuring the potential of a Galvanic Cell, some 
minute current must flow. This causes transfer of material 
and may result in some polarization. If the cell is at 
elevated temperature and the electrodes and electrolytes are 
liquid, the relatively rapid diffusion can usually correct 
this fault so a stable reading can be obtained,
2, Design of a Galvanic Cell for Thermodynamic Measurement:
The use of a chloride electrolyte such as KCl«NaCl con­
taining Pb CI2 , can give an erroneous e,m.f. resulting from the 
displacement reactions
The free energy of reaction at 1200°K is given by the relation­
ships
on the Pb-Ag System
FbCl
(8)
A f$ = A f?AgCl(l) " ' 2 ^  *115012 (9 )
where
A f£ = -20,550 - % (-48,500) = +3,700 cal. (10)
Wicks and Blocks (1983, p, 106 & 64)
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and the equilibrium constant will be:
log K = - A B r/2.3RT 
and K = 2.1 x 10"^
(U)
(12)
Wagner (1963, p0 32a) has shown that the percentage error in 
the calculated activity due to this type of displacement 
reaction is given by the expression:
where ^  is the percentage error in the activity, K is the 
equilibrium constant for the specific displacement reaction, 
and X^ is the mol fraction of component A in the A-B alloy» 
Therefore, for a mol fraction of lead of 0„01, the percentage 
of error in the activity of A will be:
For the lead-silver system the use of an oxide electro* 
lyte containing PbO can reduce the error due to the displace* 
ment reaction:
^(ljalloy + ^ Pb°(l)electrolyte^ ^ As2°(l)eleetrolyte
to negligibly low values, since the free energy of reaction
€  = (K/Xa ) x 100 (13)
e  = (2.1 X 10"1/10"2 ) x 100 = 2100% 
and for Xp^ - 0„1




at 1200°K (16) is much more positive than for reaction(8)
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(assuming that the heat of fusion for Ag2 0  is approximately the 
same as for Ct^O, in as much as the heat of fusion of Ag2 0  is 
not known):
AF r = %(10,390)- % (-28,250) * +19,320 cal. (17)
Wicks and Blocks (1963, p. 106 & 63) 
and the equilibrium constant will be:
log K = A f|/2.3RT (18)
and K = 3.0 x 10“4 (19)
Therefore, for a mol fraction of Pb of 0.01, the percent 
error in the activity of Pb will be:
€  * (3.0 x 10_4/10"2) x 100 = 3.0% (20a)
and for Xpb = 0.1
€. = (3.0 x lO’V l O " 1) x 100 = 0.30% (20b)
Thus, it is possible to assume that using a molten oxide 
electrolyte containing PbO, the error due to the displacement 
reaction can be reduced to very small values.
As the supporting electrolyte for the PbO, silica would 
appear to be desirable since it has a very high free energy 
of formation and is stable at high temperatures, and will not 
react either with the lead or the lead-silver alloys. If the 
electrolyte is satisfactory at silica saturation, then it is 
possible to use a quartz crucible as the container for both 
the alloy, the standard electrode, and the electrolyte.
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However, in order to assure that a FbO-SiC^ electrolyte will 
present only ionic conduction and also contain the lead in 
only the divalence state, electro-transfer measurements will 
be made in the molten Pb0-Si02 system.
Thus, this study will involve:
a) Electro-transport measurements on Pb0-Si02 melts, to 
establish the feasibility of this melt as a suitable electro­
lyte for a high-temperature galvanic cell, and
b) Thermodynamic measurements on the lead-silver system 
using Pb0 -Si0 2  melts for the electrolyte of a high temperature 
Galvanic Cell.
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IIo SURVEY OF THE LITERATURE
A- The Lead-Silver System
The equilibrium diagram is well established in its en­
tire range of composition* The system has a single eutectic 
at 304°C and 95*3 atomic-% of lead, (see Figure 1)* The 
solid solubility of lead in silver is low, 2 wt-% at 900°C, 
and the solid solubility of silver in lead is very restricted^ 
below 0*07 wt-% at about 290°C . Hansen, (1958, p* 40)*
Thermodynamic measurements on this system were reported 
first by Kawakami (1930, p* 521) who investigated the heats 
of mixing at 1323°K using calorimetric methods, and found 
large positive heats of mixing (see Table I).
Von Samson-Himme1stjerna (1936, p. 202), also using 
calorimetric methods, estimates the heats of formation be­

















Ag 0.1 0*2 0.3 0*4 0,5 0.6 0.7 0.8 0.9 Pb
Figure 1. The lead~silver equilibrium diagram.
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Table I. Integral molar heats of mixing of Fb-Ag 
alloys at 1323°K according to Kawakami 
(1930, p* 521) (cal*)
XFb 0.19 0*22 0*29 0*33 0*39 0,41 0*48 0*51
hm 1050 1400 1600 1520 1660 1480 1540 1410
Table 11. Integral molar heats of mixing of Fb-Ag 
alloys at 1000-1273°K according to Von 
Samson-Himmelstjerna (1936, p* 202) (cal*)
X Fb 0.05 0.1 0*2 0*3 0*4 0*5 0.6 0*7 0*8 0*9 0*95
hm 100 200 300 500 600 700 800 800 700 400 200
Kleppa (1956, p* 447) using tin calorimetric techniques, 
measured the heats of formation at 723°K for alloys of less 
than 10 atomic~% silver (see Table III)*
Recently, Orr and Sommelet (1965, p* 32-34) used the 
Drop-Calorimeter method for mol fraction of lead of 0*0 to 
1.0 from 577° to 1250°K (see Table IV)*
Vapor Pressure Methods were first r ported by Granovskaya 
and Lyubimov (1953, p* 1437) from 1200° to 1490°K for 0*0 to 
1*0 mol fraction of lead, using an effusion tracer technique, 
but the results do not obey the Gibbs-Duhem relationship, 
according to Hultgren, Orr, Anderson and Kelley (1963, p* 377)* 
Aldred and Pratt, (1961, p* 613) used a torsion-effusion
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Table III. Molar heats of formation of liquid alloys 
from solid Ag and liquid Pb at 723°K, 








0.00732 1.1144 171 23.31
0.01907 0.9483 452 23.71
0.02115 0.9877 503 23.78
0.04533 0.5643 1048 23.12
0.06679 0.3725 1479 22.14
0.08682 0.2623 1875 21.60
0.09399 0.2220 2029 21.59
technique from 900° to 1080°K for 0.1 to 0.9 mol fraction of
lead to study the thermodynamic properties of the Pb-Ag 
system, but their results do not agree well with other 
investigators ( see Table V).
Galvanic Cell measurements have been reported by 
Terpilowski (1957, p. 289) using a chloride electrolyte in 
a cell of the types
Pb(l)/°*05 pbci2 + (0.583 LiCl + 0.417 KCl)/Ag+Pb^1j (21)
from 773° to 1273°K and 0.05 to 0.93 mol fraction of lead.
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Table IV. Thermodynamic properties of the Pb-Ag 
system at 1250°K according to Orr and 


















0.0 2295 0.0 -00 0.0 0.0 0.0 1.132
0.1 2290 5.483 -4559 1.0 0.235 -293 1.134
0.2 2164 4.275 -3180 25.2 0.444 -530 1.086
0.3 1846 2.395 -2398 134.4 0.737 -787 0.930
0.4 1392 3.584 -1837 384.8 1.165 -1072 0.710
0.5 902 1.850 -1410 786.7 1.757 -1410 0.472
0.6 517 1.271 -1072 1252.8 2.472 -1837 0.291
0.7 232 0.815 -787 1771.4 3.336 -2398 0.142
0.8 70 0.480 -530 2249.6 4.344 -3180 0.045
0.9 9 0.242 -293 2577.6 5.709 -4559 0.006
1.0 0.0 0.000 0.0 2740.0 0.0 -0.0 0.0
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Table IV* (continued)
X Pb Pb qEAg F?Ag








o•o 880 0.0 0 mm mm mm mm — — —
0*1 872 0.0 1 0.144 88 230 0.760 -720
0.2 806 0.009 14 0.225 172 453 1.210 -1060
0.3 684 0.063 55 0.323 244 648 1.535 -1270
0.4 505 0.186 153 0.395 294 788 1.733 -1378
0.5 312 0.380 312 0.426 312 844 1.803 -1410
0.6 153 0.598 505 0.414 811 294 1.751 -1378
0.7 55 0.870 614 0.360 244 694 1.571 -1270
0 .8 14 1.155 806 0.267 172 506 1.253 -1060
0.9 1 1.365 872 0.142 88 266 0.789 -720
1.0 0 1.488 880 od tm — mm mo — —
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Table V. Thermodynamic properties of the Fb-Ag 
system at 1000°K according to Aldred 
and Fratt (1961, p. 613 )











0,1 0.17 0.90 -3565 -205 6.35 0.23
0.2 0.31 0.81 *3 n r -415 4.45 0.57
0.3 0.44 0,72 -1650 -640 3,63 0.83
0.4 0.55 0.64 -1200 -875 2.83 1,40
0.5 0.65 A- • s \J -870 -1140 2.04 1.99
0.6 0.73 0.49 -630 -1440 1.35 2.84
0.7 0.80 0.41 -445 -1730 0.90 3,63
0.8 0.86 0.31 -300 -2345 0.60 4.39













0.1 2785 25 -540 300 0.84
0.2 2115 155 -800 545 1.35
0.3 2030 240 -945 775 1.72
0.4 1630 525 -1005 970 1.97
0.5 1170 850 -1005 1010 2.02
0.6 720 1400 -955 990 1.95
0.7 455 1900 -845 890 1.73
0.8 300 2545 -710 750 1.46
0.9 110 3510 -515 450 0.97
Eremenko (1957, p. 6) used the same electrolyte for the
composition range of 0.44 to 0.91 mole fraction of lead, 
from 720° to 1050°C. Both determinations agree well, one 
with the other, and are in reasonable accord with phase 
diagram calculations of Hultgren, Orr, Anderson and Kelley 
(1963, p. 377) for mol fraction of lead above 0.4. For 
lower values of Xp^, these data do not agree with phase 
diagram calculations (see Table VI).
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Table VI, Thermodynamic properties of the Pb-Ag 
system at 1000 K according to Hultgren 
Orr, Anderson and Kelley (1963, p, 378 
from equilibrium diagram calculation 
(Xpb < 0,4) and e,m,f. measurements of 
Eremenko (1957, p, 6) and Terpilowski 
(1957, p0 489), (Xpb > 0,4)












0.0 0.00 1.00 2.02 1,00 -00 0 1400 0 — - ---
0.1 0.19 0.90 1.90 1.00 -3250 -200 1330 5 140 -510
0.2 0.37 0.81 1.85 1.01 -2000 -420 1200 30 260 -730
0.3 0.50 0.73 1.67 1.04 -1360 -630 1030 80 370 -850
0.4 0.61 0.66 1.53 1.10 -980 -830 840 190 450 -890
0.5 0.69 0.60 1.38 1.20 -730 -1030 650 350 500 -880
0.6 0.75 0.54 1.25 1.35 -560 -1230 450 590 510 -830
0.7 0.80 0.48 1.14 1.60 -430 -1480 280 920 470 -750
0.8 0.86 0.39 1.08 1.95 -310 -1850 130 1350 380 -620
0.9 0.92 0.26 1.02 2.60 -170 -2680 35 1900 220 -420
1.0 1.00 0.00 1.00 3,66 0 -00 0 2580 --- ————
Kubaschewski and Catteral, (1956, p. 86) have estimated 
some thermodynamic properties for the Pb-Ag system from the 
equilibrium diagram and the experimental data from the above, 
however, good agreement was not obtained (see Table VII),
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Table VII* Thermodynamic properties of the Pb-Ag 
system at 1250°K according to 
Kubaschewski and Catteral (1956, p. 86)






0*1 0.6 675 1.16 1100
0.2 1.1 1150 1.65 1380
0.3 1.36 1290 1.91 1460
0.4 1.62 1360 2.09 1520
0.5 2.02 1550 2.18 1550
0.6 2.68 1950 2.15 1470
0.7 3.85 2750 1.99 1300
0.8 5.64 4160 1.59 990
0.9 7.75 5300 1.02 570
B. The Lead Qxide-Silica System
The equilibrium phase diagram has been well established
by Krakau and Vakhrameev (1932, p. 42) , Geller, Creamer and
Bunting (1934, p. 237) and Krakau, Mukhin and Heinrich (1937, 
p. 281) (see Figure 2).
Preston and Turner (1935, p. 296) used a Vapor Pressure 
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Figure 2» The lead oxide-°silica equilibrium diagram,,
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the system, but the results are not accurate, Callow (1951, 
p, 370) attempted to calculate the activities of lead oxide 
from the data by Preston and Turner<> Shartis and Newman 
(1948, p, 471) determined the heats of formation for the 
Pb0-Si02 mixture at room temperature, Richardson and Webb 
(1955, p, 529) have also made a complete study on the thermo­
dynamic properties of this system by means of the reaction 
equilibrium:
dissolved in liquid lead,
Bockris, Kitchener and Davies (1951, p, 547) have deter­
mined the amount of ionic conduction in liquid Pb0 -Si0 2  system 
by measuring the amount of CO and CO2 evolved at a carbon 
anode during electrolysis. They found that the conduction 
is entirely ionic in the melt.
where PbO^j is dissolved in the silicate, and Pb(^) and 0
T 1095
III* APPARATUS AND EXPERIMENTAL PROCEDURE
A. Description of the Apparatus
1. Galvanic Cell Apparatus; The Galvanic Cell arrange­
ment is shown pictorially in Figure 3 and schematically in 
Figure 4* The crucible was made of pure opaque quartz sup­
plied by the Thermal American Fused Quartz Co* The cell 
dimensions were 1 3/S inches inside diameter by 4 inches 
height* The entire cell assembly was contained in a Coors 
Mullite tube, 2 inches inside diameter. The standard elec­
trode container was made of transparent quartz tubing 10mm 
inside diameter with two holes blown in one side, the lower 
for completion of the electrolyte bridge, and the upper for 
the gas release when the electrolyte entered through the 
lower hole* The electrode lead wires were 0*05 inch diameter 
Molybdenum wire from Fansteel, and protected by 2mm inside 
diameter quartz tubing, fused to the wire at the lower end. 
Exact temperatures inside the cell were obtained by means of
24
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Figure 3. Pictorial view of the assembly of the 
galvanic cell.
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Figure 40 Schematic view of the galvanic cell arrangement,
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Figure 4 , (continued) 
Description of the cell arrangement
1. Vycor addition head with clamp
2. Alloy electrode lead wire in quartz tube
3. Gas/vacuum inlet
4. Water-cooled brass head with fittings
5. Gas/vacuum outlet
6. Standard electrode quartz tubing
7. Thermocouple quartz protection tube
8. Measuring thermocouple
9. Water inlet of brass head
10. Head clamp with holders
11. Copper coil cooling system
12. Water inlet to the copper coil
13. Mullite reaction tube
14. Argon inlet tubing
15. Vycor addition tube
16. Alundum radiation shield
17. Quartz crucible
18. Pb0 -Si0 2  electrolyte
19. Ag-Pb alloy (cathode)




22. Molybdenum standard electrode lead wire
23. Standard Pb electrode (anode)
24. Standard electrode lead wire in quartz tube
25. Electrolyte windows
26. Silicon rubber seal
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a calibrated Pt-Pt° 10% Rh thermocouple (see Appendix I for 
calibration of the thermocouple). High purity Goors Aluminum 
was used for the thermocouple insulators, and a 3mm inside 
diameter quartz tubing as the protection shield. Addition 
and sampling tubes were Vycor of 9 mm and 6mm inside diameter 
respectively, A water-cooled brass head with suitable 
fittings permitted the entry of the standard electrode tube, 
the thermocouple protection tube, the electrode lead wire 
protections, the addition tube, and the gas/vacuum connec­
tions. A 4 3/4 inch thick Norton Alundum-disc with convenient 
holes for electrodes and tubes were used as the cell cover and 
as a radiation shield.
The reaction tube was inserted in vertical Marshall 
Resistance Furnace (see Figure 5), Temperature control was 
by means of a Foxboro Electro-mechanical controller, with 
the controlling thermocouple inserted between the furnace 
tube and the reaction tube. The temperature was kept within 
±0„5°C in a 6 inch length by means of four variable rheostats 
connected to taps on the outside of the furnace. Charts giv­
ing the proper amperage values for the rheostats at various 
furnace temperatures are contained in Appendix II. A 
schematic view of the electrical circuit is shown in Figure 6, 
The reaction tube was connected to a three-way valve to
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permit either application of vacuum or Argon gas to the cello 
Two bubblers containing dibutyl-phthalate provided a gas 
seal for the reaction tube0 A schematic view of the gas 
system is also shown in Figure 6„
Potentials of the cell and the thermocouple were measured 
with a Leeds and Northrup Potentiometer Model 86870 The 
limits of error in the readings were 1 (0o04% of reading + 
3/iV)0 a pictorial view of the overall apparatus is shown in 
Figure 7„
2o Electro-Transport Apparatus: The electro-transport:
—— —— — III... ■«. ■ - IIWIIMWIHll I III III ■■ IMIII— illlll I I —III' M ~ ll | " ■
experiments were conducted utilizing the same experimental 
arrangement as for the Galvanic Cell measurements«, However, 
instead of measuring the e0m 0f . of the cell with no current 
flow, current was passed through the cell by means of an ex­
ternal power supply, and the resultant mass transfer inside 
the cell was determined* The schematic view of the circuit 
used to pass current through the cell is shown in Figure 8*
Be Experimental Procedure
I* Electrolyte and Alloy Preparation: The electrolyte,
liquid PbO saturated in Si02 , was prepared with lead oxide 
99o0% minimum purity and pure silica 50/200 mesh, chromato­
graphic grade* The mixture, about 1000 grams of composition
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Figure 8« Schematic view of the circuit used 
to determine the constant '’n",
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33 wt-% silica and 67 wt-% lead oxide was heated in a 52See 
silica crucible in a gas-fired furnace at 950°C for about 
20 minutes* A thin silica layer was kept on the surface to 
avoid losses of PbO dust* The melt was cast in a steel die 
and crushed to about -6 mesh* For this study, four different 
batches of electrolyte were made with no difference in cell 
performance detected* All of the electrolytes exhibited a 
pale yellow color, and were crystalline with some silica pre- 
cipitedo After use in the cell, for about one to three weeks 
the electrolyte appeared to be more yellow and transparent, 
and with no silica precipited* The difference in the yellow 
coloration depends upon the ratio of PbO and possibly, the 
rate of cooling*
The alloys were prepared from silver and lead, assay 
99*99+% supplied by the American Smelting and Refining Co*
The lead and silver could be added separately and directly 
into the cell by means of the addition tube. Complete analy­
sis on all the materials used in the study is given in 
Appendix III*
2 * Operating Procedure g
a* Galvanic Cell Measurements* The parts of the cell 
were assembled in the manner shown in Figure 4* About 200 
grams of the electrolyte were placed in the crucible and the
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reaction tube evacuated. The furnace was heated slowly, and 
after % hour the reaction tube was filled with Argon and 
a slow flow of Argon started. The furnace was heated at 
950°C, the temperature at which the silver and lead were 
added for the desired composition,, The cell was held at 
950°C for about 12 hours to permit the alloy to reach 
equilibrium,, The e.m.f. reading were then taken in the 
following temperature sequences 1050-1000-950-900-850-800- 
775-825-875-925-975 and 1025°C, depending upon the composi­
tion of the alloy. Where the temperature was changed, about 
4 hours were allowed for temperature and alloy equilibration, 
before potential readings were taken again,. At the end of 
this period, readings were taken every 15 minutes until a 
constant value was obtained. For each composition of the 
alloy, a sample was taken at about the middle of the experi­
ment o After the complete temperature range was studied, 
additional silver or lead was dropped into the alloy through 
the addition tube, and the resulting alloy was allowed to 
homogenize for about 12 hours, before further readings were 
takeno
The cells were operated from one to three weeks, and 
exhibited no sign of deterioration. The excess of silica 
observed in the starting electrolyte was attached in small
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drops to the wall of the crucible and the quartz tubing, thus 
giving a very clear electrolyteQ
b„ Electro-Transport Measurements 0 For the electro*
— mrnnirmii— in T i m m i r T  ■’ i — ■mui.hhumii Hillin' rrwrrriwrffrrrt-* iWfii»wrrr
transport measurements, the cell was assembled in the same 
fashion described above0 The standard electrode contained a 
weighed amount of lead, approximately 12 grams<, A direct 
current supply was connected to the electrodes in order to 
produce a passage of lead from the anode to the cathode 
within the cello A flow of 20 mili^amperes was kept constant 
for about 30 hours« A milliammeter was connected in series 
with the circuit, the voltage output of the rectifier was 
adjusted by means of a variable auto-transformer connected 
to the input of the rectifier and the total current flow 
measured with a silver-coulometer placed in the circuit0 At 
the end of the experiment, the standard electrode was removed 
and the remaining lead weighed0 
30 Sampling Technique
During the course of each experiment, samples for analysis 
were taken from the alloy cathode0 A 6mm inside diameter Vycor 
tubing was lowered through the addition tube into the liquid 
alloy and about 10 grams of alloy were drawn into the tubing 
by means of a lOcc syringe attached to the other end of the 
sample tube0 The tube was quickly removed from the addition
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tube and quenched in water0 The partially cracked tube was 
then removed, and the surface of the sample rod carefully 
cleanedo The sample was always clean and no contamination 
with the electrolyte was observed0 Sample rods were cut 
into about 1 gram pieces, washed with acetone and dried for 
x»ray fluorescence analysis» A description of the analytical 
technique is given in Appendix IVo
T 1095
IV. REDUCTION OF EXPERIMENTAL DATA
There are three different types of calculations which 
are necessary to consider in the reduction of the experi­
mental data 2 1) thermodynamic computations , 2) electro­
transport computations and 3) estimation of uncertainties»
Ao Thermodynamic Computations
In the Galvanic Cell described before: 
Pb(1)/(Pb0+Si02)(1)/Fb-Ag(1) (22)
and the overall cell reaction Is %
» (1) —  Pb(aUoy) (23)
and the e«m«f9 is determined by the expressions
/ ^ ( a l l o y )  - / ^ ( l )  = - nT £  <24>
where Fb(alloy) cJiem̂ ca  ̂potential of the lead in
the liquid alloy, the chemical potential of pure
liquid lead,*n“ the number of equivalents of electrons
oxidized or reduced at the electrodes, 3^ the Faraday constant
39
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(23,063 calories/volt^equivalent), and £, the potential of 
the cell in volts0 By expressing b(an 0y) t̂ ie fotms
/ ‘" ’(alloy) =/^% * RT ln a Pb(1) (25)
where ap^ is the activity of liquid lead in the lead*
silver system, and by choosing pure liquid lead at temperature 
T as the standard state for lead dissolved in the alloy at 
temperature T, thens
/ 4 - b (1) + RT ln a Fb(1) -/^Fb(1) = - " ^ 6  (26)
or: RT ln a pb/1j =~n ?  £ (27)
The partial Molar Free Snergy of mixing of lead is 
defined by the expressions
*Pb -■ 5Pb - ®Pb (28)
which is the change in total free energy upon mixing 1 mole
of pure lead with an infinite quantity of a solution of 
given composition for fixed values of P and T, and is also 
equal tos
Thus, by combining equations (27) and (29) we have the fol­
lowing expression for the evaluation of Fp^s
F^b = -  n (3 0 )
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The activity coefficient of lead is defined by the 
expression;
/f Pb " aR / X Pb
where Xp^ is the mol fraction of lead in the lead-silver 
system*
The partial molar entropy of mixing of lead is defined 
as the change in total entropy upon mixing one mole of pure 
lead with an infinitely large quantity of a solution of 
given composition for fixed values of P and T, or;
SFb = Spb - spb <32>
By knowing the value of ( b £  / T) _ _ _ for a given com-ĉ x ̂ compo
position of the alloy, it is possible to calculate by means 
of the relationships
<33>
In the same fashion, the partial molar heat of mixing 
of lead is defined as the change in total heat upon mixing 
one mole of pure lead with an infinitely large quantity of
solution of given composition for fixed values of P and T:
Hpb = 5Pb - 4 b  <34>
By use of equation (30) and (33) it is possible to calculate 
from the expressions
HPb = FPb + TSPb <35>
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The excess partial molar free energy of lead can be calcu­
lated by means of equation (30) since Fp^ is defined by i
*Fb = *Fb - *Pb(ideal) <36>
or: = - n Ip £  - RT In Xpj, (37)
and in the same fashion, using equation (33) it is possible 
to calculate the excess partial Molar Entropy of lead, which 
is defined by the relationships
SFb = sPb SFb(ideal) ^8)
or: S|fe = n ^  RT In Xpb (39)
By combining equations (37) and (39) it is possible to
calculate the excess partial molar heat of lead by means of
the expressions
Hib = 4 b  + TSlb = npb <40>
The alpha and beta functions for lead are defined ac­
cording to the following expressionss
ofPb 2 Sn/d-Xph)2 (41)
(3Pb 5 H|b/(l-Xpb)2 (42)
By means of the Gibbs-Duhem integration, it is possible to 
calculate the excess partial Molar Free Energy of silver 
and the excess Partial Molar Heat of silver in the lead- 
silver system according to the following equationss
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Xpb




Pb dXPb " XFbXAg /^Pb
Therefore, by means of equation (43) and (44) the excess 
partial molar entropy of silver can be calculated from the 
expression:
HIg - FAg + TSA8 <45>
Finally, from FAg, S® and KAg it is possible to calculate 
the partial molar properties of mixing of silver by means of 
the following relationships:
= Bfs + RT m  XAg (46)
SAg = 3AS - S ln XAg <47>
and Ĵ jg 3 H|g (48)
The activity of silver can be obtained by means of the ex­
pression:
= RT ln aA8 (1) <49)
From the previously calculated values for the partial 
molar properties of mixing of lead and silver, the integral
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molar properties of mixing in the lead-silver system can now 
be evaluated* The equations are as follows:
#  = H^b Xph + H^g XAg (50)
sM = S&  XFb + %  XAg <51>
FM " ^  X Pb + ̂ 8  XAg <52>
fM = Hm  - TSM (53)
In the same manner, using the excess partial molar properties 
of lead and silver, it is possible to calculate the excess 
integral molar properties for the lead-silver system, by 
means of the following expressions:
HE = Hfb Xpb + Hfg X A g  s H*1 (54)
sE - SPb XPb + SAg XAg <55>
** = Fpb XFb + *fb XPb <56>
F® = HE - TSE (57)
B« Calculation of the Constant ^n”
The calculation of the value of ,fnfl, which is the number 
of equivalents of electrons formed in the oxidation of one 
gram-atom of lead at the anode, is given by the expression:
„ - Y „ MPb ....
n ~ 96,500 Wpjj (58)
where Y is the number of coulombs of electricity measured
with the silver coulometer, Wp^ the weight of lead oxidized
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at the anode, and Mp^ the molar weight of lead0 Also, Y is 
given by the relationships
Y = ! h a ^ h £ 2 2 .  ( w ,
ka s
where is the weight of silver deposited in the coulometer
and M^g the molar weight of silver* Therefore, the number 
”n"can be calculated by the expressions
n = , p k  (60)
MAg W Fb
or s
n = 1*922 ii&S. (61)
w Pb
Estimation of Uncertainties
If a quantity V is a function of two variables x and y,
V - V(x,y), then the uncertainty in V ( V) can be determined
from the uncertainties In x (^ x) and y (£ y) provided that 
& x and & y  are unrelated* The relevant equation iss
( | ^ ) 2  (.3  x ) 2  +  ( - ^ ) 2  ( c f y ) 2
The above expression is valid regardless of the mathematical 
form of V = V(x,y)* Beers, (1962, p* 23)*
1° Uncertainty in Temperature Readings




a) Uncertainty in calibration of the thermocouple = il„0°C 
(see Appendix I)
b) Uncertainty due to drifts during the run, determined 
experimentally to be approximately t Q„5°C
c) Uncertainty due to thermal gradients at the interface = 
i0o7°C (see Appendix VI)
The total uncertainty in temperature will bes 
6x = (6 calibration)^ + ( 6 drift)^ + (6 gradient)^j 2 (63)
= t lo3°C
2« Uncertainty in the (^6/^ T) Values
The uncertainty in the (^£./5t ) values were estimated
graphically from the plot versus T, at constant composi­
tion by taking the highest and lowest possible positions of 
the line through the experimental points,,
3„ Uncertainty in the e,m9f, Readings
The uncertainty in the e0m 0fo readings were also esti­
mated graphically from the experimental data by calculating 
the maximum and minimum variation of the experimental e„m»fo 
points from the line drawn through the data„
4o Uncertainty in the Chemical Analysis
The uncertainty in the chemical analysis of lead is 
equal to the standard deviation of a series of analyses of
T 1095 47
each alloy composition,, The standard deviation in X pb is 
given by s
cfxPb £ ( XPb *Fb)' N-l (64)
where Xp^ are the individual values for each composition,
Pb t r̂le arithmetic average, and N the number of samples0 
5« Uncertainties in the Activity of Lead 
The uncertainty in the activity of lead is given, accord­





k (e" “iP-> ^2 < 2 fae~ *5r>'2
( - r r ^ l  < S n  * ( — s r -
\  c^ t)(e' (<^T)2 +
<- ^ ) ( e -  ^ ) ) 2 (<5&)2
(S£): (65)
(66)
6• Uncertainty in the Partial Molar Entropy of Mixing 
Lead
The uncertainty in the partial molar entropy of mixing
lead is given by the expressions
.M
or
<5sM -U 5 Pb
S s M =u ̂ Pb
, ^ sPb .2 ,X'c>& Z





7o Uncertainty in the Partial Molar Free Energy 
of Mixing of Lead 
The uncertainty in the partial molar free energy of 
mixing of lead is given by the expression;
or
[ < * g > , 2  (56,2
= [ <-r/?)2 (£&)2
12 (69)
(70)
8o Uncertainty in the Partial Molar Heat of Mixing 
of Lead
The uncertainty in the partial molar heat of mixing of 
lead is given by the relationship:
,  ^  H^.2 2 /. C>hM
= ■)2 ( ^ & ) 2 + 4 - 2
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9, Uncertainties in H^g> and F^g
The uncertainties in H^g, S^g and F^g are estimates as 
being twice as large as for lead, due to the uncertainty 
which exists in the Gibbs-Duhem integration*
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10. Uncertainties in HAg, SAg and FAg
In the same fashion, the uncertainties in the excess 
Partial Molar properties of silver are estimated to be twice 
as large as for lead, due to the uncertainty which exists in 
the Gibbs-Duhem integration.
11. Uncertainties in and
The uncertainties in the Integral Molar properties of 
mixing of the lead-silver system can be calculated graphically 
from the data by taking the maximum and minimum variations of 
the points from the curves drawn through the calculated values 
of these functions.
12. Uncertainties in and Ss
In the same manner, the uncertainties in the calculated 
values of the Excess Integral Molar properties of the lead- 
silver system can be calculated graphically from the data by 
taking the maximum and minimum variations of the points from 




The experimental measurements on electro-transport in 
silicate melts and on the thermodynamic properties of the 
lead-silver system, gave the following results,,
A. Electro-Transport Measurements
The measurements of electro-transport in the Pb0-Si02 
melts were conducted at 950°Co The value of the term "n” 
which is the number of equivalents of electrons formed in 
the oxidation of one gram-atom of lead at the anode, was 




Table VIII* Electro “-transport measurements on 




the pure lead 
electrode
1 *1,27572 lo38617 2 o060
2 +1,85935 lo86852 1,930
3 -1 ,4 4 8 7 4  1,53314 2,033
n = 2 o008
The value of nnn was taken as 2 o00 within the limit of ex* 
perimental determination,
Bo Eoirufo Measurements
The potentials of each alloy composition were plotted 
against temperature0 It was found that for a given composi­
tion of the alloy in the liquid phase region, the potential 
varied linearly with temperature, In the two“phase liquid 
+ solid region, the e,m,f, versus temperature data follow a 
smooth curve. The experimental data are plotted in Figures 
9 and 10, Tabulation of the experimental e,m,f, data is 
given in Appendix VI, For each composition of the alloy the 
values of £  and (c*£/c3 T) at 1002°K and 1204°K on which all 
subsequent calculations were based, were obtained from this
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Figure 10« Potentials of the galvanic cell at
different compositions as a function 
of the temperatureo
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plot* The values of £  and (<^S/c) T) obtained by interpola­
tion are given in Table IX* For the two-phase liquid + solid 
region, values for £. were found by extrapolation of the line 
for the single-phase liquid region* Graphical estimation of 
uncertainties of (^S/B T) and £  are given in Appendix VI, 
using the method outlined in Chapter IV*
C* Calculation of the Thermodynamic Properties for the 
Lead-Silver System 
The thermodynamic properties of the lead-silver system 
were calculated based upon the values of Xp^, T, £  and 
(c)£/c)T)p rj, Comp obtained experimentally*
1* The Activities of Lead and Silver 
By using equations (27), (49) and (31) the activities 
and activity coefficient of lead and silver were calculated 
for the liquid alloys at 1204°K* Activities of lead were 
also calculated at 1002°K in order to compare the results 
with the data of other investigators* The results are given 
in Table X* In Figure 11 the activities of lead and silver 
at 1204°K are plotted as a function of the mol fraction of 
lead*
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Table IX. Values of £  and (c>£/C) T) obtained 





. . £> .
1204°K
(mv)
(c»£/3 t ) 
(mv/°C) (mv/°
0.956 to.004 1.00 1*95 ±0.018 0.00481 ±0.0023
0.891 ±0.010 3.50 5*30 ±0.019 0.00857 ±0.0024
0.853 ±0.005 5.31 7*40 ±0.019 0.01065 ±0.0025
0.797 ±0.006 8.18 10*68 ±0.020 0.01327 ±0.0026
0.742 ±0.006 9.07 12*73 ±0.020 0.01646 ±0.0027
0.682 ±0.005 11.32 15*52 ±0.021 0.02137 ±0.0029
0.643 ±0.001 12.74 18*00 ±0.022 0.02733 ±0.0031
0.590 ±0.017 13.50 20*60 ±0.023 0.03220 ±0.0033
0.522 ±0.001 16.02 23*24 ±0.024 0.03507 ±0.0037
0.478 ±0.003 16.95 25*32 ±0.025 0.04579 ±0.0039
0.445 ±0.004 18 o 70 28*71 ±0.026 0.04897 ±0.0042
0.403 ±0.006 21*73 31*68 ±0.027 0.05000 ±0.0045
0.361 ±0.001 23*00 34*85 ±0.028 0.05850 ±0.0050
0.322 ±0.005 25*72 39*98 ±0.029 0.07030 ±0.0055
0.293 ±0.004 28*88 43*71 ±0.030 0.07303 ±0.0058
0.261 ±0.002 32*38 48*40 ±0.031 0.07917 ±0.0061
0.182 ±0.003 46*59 66*54 ±0.035 0.09834 ±0.0080
0.143 ±0.001 59*06 79*85 ±0.038 0.10326 ±0.0092
0.096 ±0.001 76*56 100*62 ±0.041 0.11656 ±0.0115
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Table X, Activity and activity coefficient of 
lead and silver in the lead-silver 
system at 1002° and 1204°K
X Fb 1002°K 1204°K&pb X Pb a Pb X Pb aAg ?Ag
0 o 956 0,976 1,021 0,963 1.007 0,076 1.727
0,891 0,922 1,035 0,902 1.012 0,182 1.670
0o853 0,884 1,036 0,866 1.015 0,243 1.653
0,797 0,827 1,038 0,813 1.020 0,330 1,626
0,742 0,810 1,092 0,781 1.053 0,381 1.477
0,682 0,768 1,126 0,740 1.085 0,439 1.381
0,643 0,744 1,157 0,705 1.096 0,484 1.356
0,590 0,730 1,237 0,671 1.137 0,525 1.280
0,522 0,689 1,320 0,638 1.222 0,556 1.163
0,478 0,674 1,410 0,612 1.280 0,579 1.109
0,445 0,648 1,456 0,574 1.290 0,611 1.101
0,403 0,603 1,496 0,542 1.345 0,638 1.069
0,361 0,586 1,623 0,509 1.410 0,660 1.033
0«322 0,550 1 o 708 0 o 461 1.432 0,695 1,025
0,293 0,511 1,744 0,429 1,464 0,716 1,013
0,261 0,473 1,812 0,392 1,502 0,744 1,007
0,182 0,339 1,863 0,276 1,517 0,820 1,002
0,143 0,254 1,776 0,213 1,490 0,860 1,004
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Figure 11. The activities of lead and silver in the 
lead-silver system at 1204°K.
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The extrapolated values for $ p^ and ^ Ag where^ ̂  is the 
activity coefficient at infinite dilution, obtained from 
Figure 11 at 1204°K ares ^  p^ = 1058 and ^ ^ g  = 1°690 
The uncertainties in the values of the activities of 
lead and silver calculated according to equation (66) and
Chapter IV are given in Table XI *
Table XI* Uncertainty in the values of ap^ and a 
at 1204°K for the lead-silver system*
Xpb ^ apb aAg(approx)
0*956 to . 0 0 0 2 to.001
0*478 t0.0025 ±0.005
0*096 ±0.0041 ±0.008
2* The Alpha and Beta Functions of Lead at 12Q4°K
The Alpha and Beta functions of lead at 1204°K were 
calculated by means of equations (41) and (42)* The values 
obtained were checked against the values calculated from the 
smoothed activity curve for lead (see Fig* 11)* For both 
the Alpha and Beta functions both sets of values agreed very 
well* Values of the Alpha and Beta functions are given in 





















o calculated from the experimental data A 
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Figure 12 o The Alpha function of lead for the lead- 
silver system at 1204°K«,
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o Calculated from the experimental data 
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Figure 13. The Beta function of lead for the lead- 
silver system at 1204°Ko
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Table XII. The Alpha and Beta function of lead
in molten lead-silver alloys at 1204°K
k *
:pu Pb oCFb {3pb (3pb






































































0.300 1826.6 — • —
0.293 1814 o 4 — 4053.5 « 9 B »
0.261 1768.6 3936.3 ■laoov
0.200 — 1570.7 —
0.182 1477.3 — 3547.9 —
0.143 1292.6 2767.3 —
0.100 --- 1288.4 2260.3
0.096 763.03 moaewo 2215.6 « . . .
^Calculated from the smoothed curve of activity of lead.
3° Partial Molar Properties of Mixing of the 
Lead-Silver System at 1204°K 
The partial molar properties of mixing of lead and 
silver were calculated from equations (29), (33), (35), (46) 
and (48). The results are tabulated in Table XIII and plotted 
in Figures 14 and 15.
The uncertainties in the calculated values of the 
partial molar properties of mixing were obtained by means of 
equations (68), (70), and (72) and are given in Table XIV.
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Table XIII* Partial molar properties of mixing of 
















0*956 136*33 -89*9 0*222 ---- -6137*19 cbs an o b
0o891 229*89 -244*47 0*395 2013,78 -4061*63 5*063
0*853 248.11 -341*33 0*491 2194.96 -3369*45 4*637
0*797 241*89 -492*63 0*612 2293.80 -2643*88 4*115
0*742 323*86 -587*18 0*759 1990.06 -2295*17 3*571
0.682 466*96 -715 o 88 0 * 986 1601.82 -1957*13 2*966
0*643 682*45 -830*27 1*261 1190.83 -1726 *53 2*431
0*590 832*16 -950*20 1*485 955.52 -1538*34 2*078
0.522 868*55 -1071*97 1*618 869.86 -1394*78 1*887
0*478 1366*61 -1167*91 2*112 373.65 -1298*58 1*394
0.445 1386*28 -1324*28 2*259 356.05 -1170*70 1*272
0*403 1306*29 -1461*27 2*306 398.63 -1068 *59 1*227
0*361 1630*59 -1607*49 2*698 159.14 -987*28 0*955
0*322 2047*12 -1844*18 3*243 -68.07 -866*79 0*879
0*293 2026.15 -2016*17 3*369 -61.32 -792*11 0*765
0*261 2149*66 -2232*50 3*652 -107.36 -704*75 0*702
0.182 2373*98 -3069*22 4*536 -172.68 -472*91 0*546
0*143 2032*44 -3683*16 4*763 -108.13 -358*45 0*403








Figure 14« Partial molar properties of mixing of










Figure 150 Partial molar properties of mixing of
silver in the lead-silver system at 1204 Ko
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Table XIV* Uncertainties in the calculated values of 
the partial molar properties of mixing of 
the lead-silver system at 1204°K
xFb ^ sPb Ag S'3^*Ag




0*956 10.88 ±0.83 ±0.11 ll.7 ±1.6 t0*2
0*478 12.98 ±1.15 +0.12 +6.0 +2.3 tO *3
0*096 ±7.23 +1.89 +0.53 +15.0 ±4.0 tl*l
^Estimated; see Chapter IV.
4* Excess Partial Malar Properties in the Lead-Silver
System at 1204°K
By using equations (37), (39), (40), (43), (44) and (45) 
the excess partial molar properties of lead and silver were 
computedo The results of these calculations are given in 
Table XV and are plotted in Figures 16 and 170
The uncertainties in the calculated values of the excess 
partial molar properties of lead and silver are estimated 
according to Chapter IV, and are given in Table XVI0
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Table XV. Excess partial molar properties of lead and 










0o956 136.33 7.97 0.132 1308.97
0o891 229.89 29.73 0.167 2013.78 1187.17 0.689
0 o853 248.11 37.03 0.176 2194.96 1202.04 0.827
0.797 241.89 47.61 0.162 2293.80 1169.26 0.937
0.742 323.86 121.42 0.169 1990.06 934.80 0.879
0.682 466.96 194.44 0.227 1601.82 774.78 0.689
0.643 682.45 219.97 0.385 1190.83 728.07 0.386
0.590 832.16 305.72 0.439 955.52 586.78 0.307
0.522 868.55 475.67 0.329 869.86 364.08 0.421
0.478 1366.61 588.17 0.649 373.65 249.95 0.103
0.445 1386.28 604.00 0.652 356.05 232.32 0.103
0.403 1306.29 693.29 0.503 398.63 161.46 0.198
0.361 1630.59 819.27 0.676 159.14 80.77 0.065
0.322 2047.12 854.08 0.994 -68.07 59.97 -0.107
0.293 2026.15 906.91 0.933 -61.32 32.68 -0.078
0.261 2149.66 965.86 0.987 -107.36 14.61 -0.102
0.182 2373.98 988.46 1.155 -172.68 4.83 -0.148
0.143 2032.44 949.32 0.903 -108.12 8.37 -0.097
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Figure 16o Excess partial molar properties of
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Figure 170 Excess partial molar properties of silver
in the l@ad«silver system at l204°Ko
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Table XVI« Uncertainties in the calculated values 
of the excess partial molar properties 
of lead and silver in the lead-silver 
system at 1204°K
^ P b r<sE ^ Pb 3 h eAg ^ FAg c^SEAg
(cal) (cal) (cal/
mol-°K)
(cal) (cal) (ca 1/ 
mol- K)
+30 tl5 +0.03 t*5 +40 +0.05
5, Integral Molar Properties of Mixing in
the Lead-Silver System at 1204°K
The integral molar properties of mixing in the lead- 
silver system were calculated by using equations (50), (51), 
(52), and (53), The results are tabulated in Table XVII and 
plotted in Figures 18, 19, 20 and 21,
The uncertainties in the calculated values of rf*, S^, 
and are given in Table XVIII, The method of estimation 
are given in Chapter IV,
6, Excess Integral Molar Properties in the 
Lead-Silver System at 1204°K 
To evaluate the excess integral molar properties in 
the lead-silver system, equations (54), (55), (56) and (57) 
were used. The results are given in Table XIX and plotted 
in Figures 18, 22, 23 and 24,
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Table XVII. Integral molar properties of mixing 
for the lead-silver system at 1204°K




0 o 956 *  OO HO _ _ _ -356.03
0 o891 424.32 0.904 -560.54
0.853 534.30 1.101 -786.47
0.797 658.43 1.323 -929.33
0.742 753.74 1.485 -1027.84
0.682 827.85 1.615 -1110.60
0.643 890.56 1.728 -1179.61
0.590 882 o  7'4 1.723 -1191.34
0.522 869.17 1.746 -1226.27
0.478 848.29 1.737 -1236.12
0.445 814.51 1.711 -1239.04
0.403 800.41 1.662 -1226.84
0.361 690.34 1.584 -1211.17
0.322 613.02 1.640 -1181.49
0.293 550.31 1.434 -1150.08
0.261 481.72 1.472 -1103.49
0.182 288.44 1.268 -942.37
0.143 197.97 1.027 -333.88
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Figure 18« Integral molar and partial molar heats of 
mixing, and excess integral molar and 
excess partial molar heats in the lead* 
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Figure 19* Integral molar and partial molar entropies
of mixing in the lead-silver system at l204°Ko
T 1095 74
400
0 7O 3 4• I 76 8o o o o o o
As Xpb Pb
Figure 200 Integral molar and partial molar free




























Figure* 21. Integral molar properties of mixing of
the lead“silver system at l204oK„
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Table XVIII. Uncertainties in the calculated values 
of the integral molar properties of 





+45 tO .08 150
The uncertainties in the calculated values of 
and F® are given in Table XX. The method of estimation is 
discussed in Chapter IV.
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Table XIX. Excess integral molar properties for 
the lead-silver system at 1204°K
XFb h e SE fe
0.956 ... 62.25
0.891 424.32 0.222 157.83
0.853 534.30 0.272 208.27
0.797 658.43 0.319 275.31
0.742 753.74 0.352 331.26
0.682 827.85 0.374 379.01
0.643 890.56 0.408 401.39
0.590 882.74 0.385 420.96
0.522 869.17 0.372 422.32
0.478 848.29 0.364 411.61
0.445 814.51 0.347 397.74
0.403 800.41 0.354 375.79
0.361 690.34 0.286 347.53
0.322 613.02 0.248 315.66
0.293 550.31 0.218 288.89
0.261 481.72 0.182 262.91
0.182 288.44 0.087 183.88
0.143 197.97 0.046 142.98
0.096 110.64 0.013 94.59
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Table XX* Uncertainties in the calculated values 
of the excess integral molar properties 
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Figure 220 Excess integral molar and excess partial
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Figure 23* Excess integral molar and excess partial













Figure 24„ Excess integral molar properties of the
lead^silver system at l204°Ko
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VIo DISCUSSION
The results obtained on the electro-transport measure­
ments on Pb0 -Si0 2  melts and on the thermodynamic properties 
of the lead-silver system are discussed in the following 
sections: A) Comparison of the results with those obtained
by previous investigators, B) Evaluation of the experimental 
technique and C) Interpretation of the thermodynamic results 
in light of current solution models„
Ao Comparison of the Results With Those Obtained by 
Previous Investigators 
1. Electro-Transport Measurements» The value obtained 
for the factor MnM agrees very well with the results of 
Bockris, Kitchener and Davies (1951, p« 547), who found a 
current efficiency of 94-9717%, which gave a value for MnM 
of about l088-lo94 against 2 o008 obtained in this study0 
The uncertainty in the calculated value in the present study
82
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is t0o06, which is within the errors of the experimental 
technique used*
It is possible, therefore, to consider the conduction 
through the Pb0 -Si0 2  melts a pure-ionic mechanism with no 
or negligible electronic conduction, which was also sub­
stantiated by Bockris, Kitchener and Davies and by Callow 
(1951, p* 370)* Also, it is possible to assume that the 
lead in the melt is present only in the divalent state Fb++*
2* Thermodynamic Properties of the Lead-Silver System 
The values obtained for the activity of lead at 1002°K 
are in very good agreement with the Selected Values at 1000°K 
calculated by Hultgren, Orr, Anderson and Kelley (1963, p* 378) 
based on the e*m*f* measurements of Eremenko (1957, p* 12) and 
Terpilowski (1957, p* 290) for Xp^ above 0*4, and from phase 
diagram calculations below Xp^ = 0*4* For the range Xp^ - 
0*25 to Xpfc = 0*40, the values calculated in the present 
study are slightly larger than those of Hultgren, Orr, Ander­
son and Kelley* The activities values obtained by Aldred and 
Pratt (1961, p* 613) at 1000°K from vapor pressure measure­
ments disagree with the values obtained from the present 
study and those of Hultgren, Orr, Anderson and Kelley (see 
Figure 25)* These results show a less positive deviation for 
the range of Xp^ — 0 * 0  to 0*6* For higher concentration in
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1  O This study (1002°K)
Z- a -Hultgreen, Orr, Ander
son and Kelley (lOOO^K
&-- **-- Aldred and Pratt
(lOOCfe)
0 2O O ̂ o 4i ■?O £ 9 16 0o o o oAg XPb
Figure 25<, The activity of lead in the lead-silver 
system at 1000°K and 1002°Ko
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Pb, the agreement is better.
At 1204°K, the values calculated for the activity of 
lead are in fair agreement with those calculated from the 
calorimetric data of Orr and Sommelet (1965, p0 30) at 1250°K, 
Their results show a more ideal behavior for lead in the lead* 
silver system than the calculated values from this study at 
1204°K« Thus, the value of Fp^ calculated by Orr and Sommelet 
are larger by about 200 cal, than those found in this study. 
The difference in 48°K in the temperature for the Orr and 
Sommelet study is not enough to justify the discrepancy be­
tween the two sets of activity values (see Figure 26),
The values of Hp£E and H^|E calculated at 1204°K in the 
present study agree well with the data of Orr and Sommelet 
(1965, p, 32) at 1250°K to Xpfc = 0,1, For Xpb = 0,0, Orr
and Sommelet found a value for H ^ E = 2295 cal,, and H ^ E =
2740 cal, for Xp^ = 1,0 against 1150 cal, and 1580 cal, re­
spectively for the present study. The values of Hp£E and
calculated by Aldred and Pratt (1961, p, 613) at 1000°K are
500 to 800 cal, more positive than this study. The values 
of estimated by Kubaschewski and Catteral (1958, p, 86)
at 1000°K are 500 to 3000 cal, more positive than the values 




o This study (1204°K)
+— -Orr & Sommelet (1250°K)
0 .1 o2 03 04 o5 0 6 „7 0 8 09
Ag ■Fb
Figure 26 * The activity of lead in the lead-silver 
system at 1204-l250°Ko
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For Spk and at 1204°K, the values of Orr and 
Sommelet at 1250°K are about 0o5 cal/mol-°K more positive 
than the values calculated in this study. The values of 
Kubaschewski and Catteral at 1000°K for s|Jg are in reason­
able accord with the values calculated from this study for 
values of Xp^ below 0,8,
The calculated values of Sp^ and SEg are about 0,3 
cal/mol-°K less positive and 0,6 cal/mol-°K less positive 
respectively than those values found by Orr and Sommelet at 
1250°K, For Fpb and FEg, the values calculated in the pres­
ent study are about 200 cal, more positive than those found 
by Orr and Sommelet, Nevertheless, the values of Hp£S and 
calculated by Orr and Sommelet agree well with those 
calculated from this study since the difference in the values
of sPb> SAg» SPb* SAg and F$b> FAg* FPb and F^g wlth those of 
this study tend to cancel out the difference in the and
H ^ e values.
The values of the integral molar heats of mixing H*1 at 
1204°K agree well with the values of Orr and Sommelet at 
1250°K, are about 200 cal, more positive than the values 
found by Von Samson-Himmelstjerna at 1000°K (1936, p, 201); 
are about 200 cal, less positive than those values calculated 
by Aldred and Pratt at 1000°K (1961, p« 610) and are in strong
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disagreement with the values estimated by Kubaschewski and 
Catteral (1958, p0 86) at 1250°K and also by Kawakami at 
1323°K (1930, p„ 522) (see Figure 27).
The values of and TS^ calculated from the present 
study at 1204°K agree well with those values calculated at 
1250°K by Orr and Sommelet (see Figure 28)0 The difference 
in the partial molar properties of mixing of lead and silver 
found for the Orr and Sommelet study tend to cancel out and 
give integral molar values for F^ and TS^ closed to the 
values of this study0 This effect is also visible for 1# - 
FE + TŜ *, where the disagreement between the values of 
and TS2* calculated from this study with the values calculated 
by Orr and Sommelet are much larger than for (see Figure 
29)„
3o Comparison of Phase Diagram Results
For alloys dilute in lead, some of the e 0m 0fo data were 
obtained in the liquid + solid region* The liquid temperature 
could then be calculated from the intersection of the liquid + 
solid curve and the line in the single phase liquid region*
The liquidus temperature for the three different compositions 
calculated from these data agrees perfectly with those of the 
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Figure 30* The lead-silver equilibrium diagram,,
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Bo Evaluation of the Experimental Technique
The use of a Pb0~Si02 melt as the electrolyte was chosen 
in order to reduce the error due to the displacement reactions
l)alloy+%^k^(i)eleetroiyt£ %^S2^(l)electrolyte (73)
^ ^ ( D a l l o y
below that encountered in cells using a molten salt electro« 
lyte» The degree of the displacement reaction (73) was 
evidently quite small in the concentration range Xp^ - lo0 
to 0,1, in as much as the eom 0f» readings were very stable 
and also reproducible, However, at mol fraction of lead less 
than O ol they showed some drifting and were not nearly as re­
producible as the data at higher concentrations, At these 
lower concentrations, the displacement reaction (73) appears 
to be significant and thus the data taken in this region were 
not reported.
From Wagner®s theoretical model, the % error in the 
activity is given by the relationship:
£  = (K/Xa ) x 100 (74}
where (S is the % error in the activity, K the equilibrium 
constant of equation (73) and XA the mol fraction of lead in 
the alloy. Therefore, for X Pb = Oo2> Oo 1 and 0,01 respect­
ively, the errors in the activity will be:
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Xpt = 0.2 i£=(3x 10"4/2 x 10*1) x 100 = 0.157.
Xpb = 0.1 €. =(3x 10'4/10_1) x 100 = 0.30%
(75)
(76)
Xp.D = 0.01 6=(3x 10“4/10"2 ) X 100 = 3% (77)
It is possible to see that the error in the activity 
becomes only appreciable at Xp^ 0o01, but even at this 
concentration* the error found in the experimental data was 
much larger than that calculated for reaction (73)0
Additional experiments were conducted in order to eval­
uate more accurately the magnitude of any reactions between 
the electrolyte and the electrodes0 Pure silver and pure 
lead were used to construct a cell
Fb(i)/(£b0 + SiOg)^ j (78)
Readings of the e,m0f. were taken every 15 minutes after the 
addition of the silver into the cell„ The results are given 
in Table XXI and are plotted in Figure 3l0
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The value of £  varied with time, but became constant 
after about 100 minutes» It appears that a certain amount 
of reaction takes place between the two phases since the 
e.nufo has a finite value of +285 mV rather than the 
theoretical value of Oo 0 This observation is similar to 
that found by Wagner for Cd«Zn and Cd«Sn.
Inasmuch as Wagner8s theoretical treatment indicates a 
small magnitude for the displacement reaction, whereas the 
measurement on the cell for Xp^ = 0.0 indicate that some 
reaction does take place. The instability of the readings 
for Xpb <C 0.1 may be due to an effect other than the single 
displacement reaction (73).
Another possible source of error is the influence of the 
dissociation reaction
^k^(l)eleetrolyte^ ^(Ijalloy or + ^ ^2(g)alloy or (79)
pure Pb pure Pb
This reaction will have the greatest influence at high 
temperature and low concentration of lead in the alloy.
Thus, reaction (79) can give rise to two separate error ef­
fects: 1) The enrichment of lead in the alloy at the
electrolyte-alloy interface and 2) The addition of oxygen 






0 50 150100 200
Time, (mim)
Figure 31* Potential of the cell for Xpj~0o0 as a 
function of time*
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than a simple binary alloy* Also, at high lead concentra­
tion in the alloy, the only appreciable effect will be the 
contamination of oxygen at both the pure lead electrode and 
the alloy. However, any error in the activity measurement 
will tend to be diminished since the activity of lead at 
the anode will change in the same degree as the activity of 
lead at the cathode. It is possible to see from the re­
lationship :
that these two errors will tend to cancel each other.
The presence of dissolved oxygen in the cathode was 
detected on one occasion by the observation of small 
crystals of FbO in the cathode alloy following the comple­
tion of an extended experiment. However it was impossible 
to determine the exact amount of dissolved oxygen. An 
estimate of the degree of contamination of the cathode will 
be made utilizing the experimental data of Richardson and 
Webb (1954-55, p. 548) and Alcock and Belford (1964, p, 832), 
Richardson and Webb determined the activity of FhQ(]_) in 
Pb0-Si02 melts. For Xp^ - 0,353 in the electrolyte, they 




For the reaction (79)
A.F° = 24,400 cal. (at 1200°K) (81)
therefore:
a p %
A = -RT In K = RT In pb(l) * °2(s) (82)
aIbO (i)
solving for apbO(l) ~ 0.025 and apk( = 1
Pn = 6.6 x 10"^ Atm. (83)
2(g)
For the reaction
%02(g) ^  0 (84)
Alcock and Belford found that for pure lead, the free energy
of solution of oxygen is given by
AF° = RT In (85)
and for Pq  ̂ = 6.6 x 10'>12 Atm,
AF° = -33,300 cal. (8<
Using the relationship of Alcock and Belford:
AF° = 4.575 T log c + 23890 - 20.72 T - 52430 - 24.12 T
where c is the atomic-% of oxygen dissolved in pure leads 
c a 0.025 (atomic-% 0)
Therefore, the amount of dissolved oxygen in pure lead is 
quite small (0.025 atomic-7® 0). However, no data are avail 
able for the case of oxygen dissolved in lead-silver alloys
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Nevertheless, a rough estimate of the magnitude of the con- 
centration of the dissolved oxygen in the alloy may be cal­
culated by assuming that the free energy of solution in the
alloy face would be approximately the same as for pure lead.
For a pb^j“0*01 ar*d a FbO(jL) = equation (82) gives:
Pq = 6.5 x  10"^ Atm. ( 8 8 )
2 (g)
Using this P0 £ and equation (85) the estimated concentration 
of oxygen is as follows:
AF° = -22,100 cal. (89)
and therefore:
c = 0.19 (atomic-% 0) (90)
Thus, it is possible to consider that as the alloy becomes 
more diluted in lead, the concentration of oxygen increases 
rapidly from 0.025 atomic-% 0 for pure lead to 0.19 atomic-% 
0  for alloys diluted in lead.
Thus, it is possible to consider that the inertability 
of the e.m.f. readings at alloys low in lead is most prob­
ably due to the effect of the dissociation reaction (79) 
rather than the effect of the displacement reaction (73).
The use of the Pb0 -Si0 2  melts was found to be a very 
convenient electrolyte, since the electro-transport measure­
ments showed that the conduction through the melt is entirely 
ionic, and lead was present only in the Pb++ state.
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The quartz crucibles used in the experiment gave ex­
cellent service and they did not show any signs of attack by 
either the alloy or electrolyte. Also, the molybdenum wire 
used as the electrode lead wire avoided any contamination 
of the liquid electrode.
G. Interpretation of the Thermodynamic Data in Light of 
Current Solution Models 
The solution models which are commonly used to predict 
the thermodynamic behavior of molten metallic solutions ares 
The Ideal Solution Model, the Regular Solution Model and the 
Sub-Regular Solution Model.
In an Ideal Solution Model:
Hm  = 0 (91)
SM = entropy of mixing for a
completely random solution (92)
where S^ = SM<ideal) = -RXA I n ^  - RJCglnXg (93)
and: c£ A  = 0 (94)
where oCk = FA/(1-XA )̂  (95)
In a Regular Solution Model:
gM ™ gM(ideal) (96)
HM / 0 (97)
and the energy of mixing, E, given by the relationship:
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E - Ea _b - % (Ea .a + Eb_b) (98)
in constant with composition, where E is the energy of 
mixing with respect to the pure component, and EA.g, Ea ~a 
and Eg„g are the bond energies for A-B atoms, A-A atoms and 
B-B atoms respectively„
Thus, for a Regular Solution Model, since E is to be a 
constant with composition, ^  a is a constant independent of 
composition.
The third model is the Sub-Regular Solution Model, wheres
a linear function of composition.
For the lead-silver system, neither the Ideal, Regular 
or Sub-Regular Models can be applied since the Alpha function 
is not zero, or a constant or linear function with composition.
The shape of the activity curves for lead and silver show
a moderate positive deviation from Raoult* s law, and there­
fore, positive integral heats of mixing (see Figures 11 and 
18). This can be validated, since if the atomic radii dif­
fers considerably (1.441 for Ag and 1.747 for Pb), Van Vlack
(i960, p. 466) the miscibility in the solid state is very 
small and thus should be positive for the liquid alloys.




and E is a linear function of composition Then ° ^ a a^so
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For low concentration in lead and silver, the activity curves 
follow Henry8 s law, where $ p^ and are 1»58 and 1.69
respectively.
The distorted parabolic shape of the curve (see Figure 
21) is due to the fact that a perfect parabolic shape will be 
expected only in regular solutions where the two components 
belong to the same group of the Periodic Table, as has been 
noted by Oriani and Alcock (1962, p. 1106). This is not the 
case, since lead and silver belong to the V-A and I-B group 
respectively. However, when elements are from different 
groups as is the case for the lead-silver system, there is a 
clear asymmetry in the integral heat of mixing curve, which 
in all cases is distorted from the parabolic shape towards 
the element of the lower group, in this case silver.
M EThe change from positive to negative values for Hj^ 
for Xpb <2 0.33 is due to the fact that the bond energy E^g^p^ 
varies with composition. It can be approximated that;
H£lE = EAg-Fb - SAg-Ag <101>
where E^g-pb is the bond energy between Ag and Pb atoms in the 
solution, and E^g^g is the bond energy between Ag atoms in 
liquid silver.
The bond energies are negative in value, thus positive 
M Evalues of H^g are observed when the bond energy between Ag
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and Pb atoms is less than the bond energy between Ag atoms.
Conversely, negative values of are observed when theAg
bond energy between Pb and Ag atoms is greater than the bond 
energy between Ag atoms.
The function shows a minimum at Xp^ = 0.2, thus
indicating that the bond energy E^g-pb is the strongest at 
the stoichiometric ratio Ag^Pb.
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VII. SUMMARY AND CONCLUSIONS
From the present study on the electro-transport prop­
erties in molten Pb0 -Si0 2  electrolytes and on the thermo­
dynamic properties of the lead-silver system, it is possible 
to conclude the following points:
1* The PbO-SiOg melts are pure-ionic conductors; the 
lead is present only in its divalent state*
2* The use of this electrolyte resulted in precise and 
accurate Galvanic Cell measurements*
3* The effect on the e*m.f« measurements of the dis­
placement reaction seems to be less than the effect of 
dissociation reaction for low-lead alloys*
4* a) The thermodynamic properties of the lead-silver 
system are in good agreement with the results of some of the 
previous studies*
b) Both lead and silver show moderate positive 
deviation from Raoult* s law, and follow the Henry*s law for
104
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f  A* are 1,58 and 1.69 
respectively.
5. The lead-silver system does not follow either the 
Ideal, Regular or Sub-Regular Solution Models.
6 . The function shows a minimum value at Xp^ = 0.2,
indicating that the bond energy EAg-Fb *-s a maximum at the 
stoichiometric ratio Ag^Fb.
low concentration, where fl and
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VIII, SUGGESTIONS FOR FURTHER WORK
The excellent data obtained for the lead-silver system 
using a molten oxide melt as the electrolyte of a galvanic 
cell, suggest that this technique could be used to study the 
thermodynamic properties of other systems. One interesting 
system would be the copper-silver system.
For this system, it should be possible to construct the 
galvanic cells
Mo, Cu^)/(CU 2 O + Si02)(i)/Cu-Ag£1j, Mo (102)
since for the reactions
Ag(i) + % Cu2°(l) ^  % Ag20(i) + Gu (103)
and total energy of reaction is quite positives
A F °1IOo°c = % A F °A g0(1) - % A f ° Cu20(i) (104)
AF°1100oc = % (14,000) - % (-15,000) (105)
A f°1i00°g ~ +14,500 cal, (106)
Also the Ci^O-SiQ system forms melts saturated in SiOg 
at temperatures below the melting point of copper, thus 











Appendix I* Calibration of the Pt-Pt°10%Rh
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Figure 32 „ Calibration of the Pt-Pt°10%Rh thermocouple,,
Melting Pointss Ag = 960o8°C Hansen,(1958, p» 40)
Ag-Cu eutectic = 77908°C Hansen,(1958, p„ 583)
TAg = 1.9°C
T* « = 2  o 2 ° CAg-Cu
2,1 C








Appendix II, Amperage Chart for rheostats of the













Amp, at Rheostats (Amperes) 
Figure 33e Amperage charts.
T 1095 110
Appendix III. A. Spectrographic Analysis of the Lead and Silver
American Smelting and Refining Co. 
Specifications)
Impurity Silver 99.99+% Grade B“58 Lead 99.99+% Grade B-58 
(ppm) Lot 4”66~1 Lot 4-66-2 Lot 4-66-1
Sb N.D.* N.D. N.D.
T1 N.D. N.D. N.D.
Mg 2 4 2
Mn N.D. N.D. N.D.
Pb 1 1 99.99+
Sn N.D. N.D. N.D.
Si 1 1 1
Cr N.D. N.D. N.D.
Fe 2 1 1
Ni N.D. N.D. N.D.
Bi N.D. N.D. 1
A1 N.D. N.D. N.D.
Ca N.D. N.D. N.D.
Ag 99.99+ 99.99+ N.D.
Cu 2 0 + 40 3
In N.D. N.D. N.D.
Cd N.D. N.D. N.D.
Zn N.D. N.D. N.D.
*N.D. denotes '’none detected” by standard spectrographic
analysis.
T 1095 111
Appendix III. (continued) B. Chemical Analysis of the Lead Oxide
Assay (FbO)






Subt. no pp by H^S (as SO4 ) 
Loss on Ignition
J. T. Baker Mallincrokdt
9 9 o 0 %
0 o 0 1 0 % 0 . 1 5 %
0 . 0 0 1 % 0 . 0 0 5 %
0 • 0 1 0 % 0 . 0 1 %
0 o 0 0 0 5 % 0 . 0 0 0 1 %
0 . 0 0 3 % 0 . 0 0 2 %
0 . 0 0 0 5 % 0 . 0 0 5 %
0 . 0 2 % 0 . 2 0 %
0 . 5 %
The Si0 2  used was 50/200 mesh silica for chromatographic 
columus• Go Frederick Smith Chemical Co.
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Appendix IV. X-ray Fluorescence Analysis of Lead 
in Lead-Silver Alloys
Under suitable conditions, the target of the x-ray tube 
emits a beam of high intensity x-rays. This primary beam 
impinges on the surface of the specimen and, within its energy 
limits, excites the atoms of the various elements present in 
the specimen. In turn, these excited atoms emit or fluoresce, 
secondary x-rays, each element at a wave-length characteristic 
of that element. A selected portion of the secondary beam is 
directed upon a diffracting crystal by means of a collimating 
device. The function of the crystal is to sort out, accord­
ing to Bragg's law, and pass only the energy of the element of 
interest. This sorted or diffracted beam is then focused onto 
some suitable radiation detector, by means of which the 
fluorescence energy is measured. In most cases, a single 
linear relationship exists between intensity of the fluores­
cence energy emitted and the element concentration in the 
specimen.
Experimental Procedure
a# Standards. Three standard solutions were used for each 
alloy analysis. About 1 gram of Fb+Ag were weighed, one with 
about the same composition as the sample and the other about
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Appendix IV. (continued) 
10% above and below the composition of the sample. The 
standards were dissolved in 5 cc concentrated HNO3  and di­
luted to 500 cc with distilled water.
k) Samples. Samples of about 1 gram of the alloy to be 
analyzed were dissolved in 5 cc HNO3 concentrated and diluted 
with distilled water to 500 cc.
c) Analytical Procedure. The three standards were analyzed 
first in order to calibrate the x-ray machine, obtaining a 
straight line of intensity of the fluorescence versus lead 
conc. in the standard. The alloy samples were then analyzed 
and the % lead calculated according to its fluorescence in­
tensity.
Example of x-ray Fluorescence Analysis 
Sample XXVIII 
Standards:
No. Pb gr. Ag gr. gr-Pb/lt Intensity (I) Average (I)
1 . 0.45387 0.55712 0.90774 1079.0-1081.1 1080.1
2. 0.35433 0.65485 0.70866 908.3- 908.4 908.4
3. 0.25549 0.75288 0.51098 743.0- 745.2 744.1
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Appendix IV* (continued) 
Samples s
No :,rs Intensity (l) Average (I)
1 1.00986 1001.4-998.0 999.7
2 1.06191 1031.6-1031.0 1031.3
j 1.00170 998.1-999.2 998.7
4 1.00700 1004.5-1002.2 1003.4
5 1.00471 997.4-1001.1 999.3
From Figure 34-
0,81230/2 = (0.40640/1.00986) x 100 = 40.24% Pb
0.85050/2 = (0.42525/1.06191) x 100 = 40.05% Pb
0.81200/2 = (0.40600/1.00170) x 100 = 40.53% Pb
0.81770/2 = (0.40885/1.00700) x 100 = 40.60% Pb
0.81350/2 = (0.40675/1.00471) x 100 = 40.48% Pb
%Pb - 40.38 %Fb ■(%Fb-%Pb) 1N-l
% _ +i10.25%
X pb = (40.38/207.19) / (40.28/207.19) + (59.62/107.87) 
X pb = 0.261 t 0.002
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Appendix V„ Temperature profile of the metal and 
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Distance from the bottom of the crucible,mm.
Figure 35» Temperature profile for the metal and the 
electrolyte inside the galvanic cell at 
950°Co
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Appendix VI* Experimental Data for the Lead-Silver System
Run Thermocouple
mv C mv
Test XX Xpb = 0.956
174 9,000 952.4 2.037
175 8.132 902.0 1.905
176 7.855 850.2 1.594
177 7.322 801.5 1.194
178 7.097 780.6 0.913
179 7.614 828.1 1.471
180 8.164 878.1 1.826
181 8.731 928.8 1.971
Test XXX Xpb = 0.891
216 8.976 950.3 5.540
217 8.413 900.4 5.235
218 7.856 850.2 4.666
219 7,329 802.1 4.091
2 2 0 7.089 779.9 3.733
2 2 1 7.606 827.5 4.401
2 2 2 8.151 875.9 4.817
223 8.741 929.5 5.087
Test XV x Fb =* 0.853
97 8.975 950.2 7.777
98 8.422 901.1 7.214
99 7.876 852.1 6.700
1 0 0 7.340 803.1 6 . 2 2 0
1 0 1 7.116 782.5 5.810
1 0 2 7.617 828.4 6.386
103 8.160 877.7 6.983
104 8.772 928.3 7.496
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Appendix V! , (continued)
Test VI X Pb - 0.797
42 9,013 953.6 1 1 . 0 0 2
43 8,426 901.5 10.357
44 7,871 851.7 9.743
45 7,375 806.4 9.045
46 7.137 784.4 8.726
47 7.637 830.4 9.400
48 8.174 878.9 1 0 . 0 0 2
49 8.734 928.9 10.568
Test XVI = 0.742
105 8.969 949.6 13.142
106 8.433 902.1 12.309
107 7.865 851.1 11.436
108 7.347 803.9 10.451
109 7.098 780.6 9.862
1 1 0 7.606 827.5 10.949
1 1 1 8.167 877.9 11.917
1 1 2 8.736 929.4 12.809
Test VII Xpb = 0.682
50 8.987 951.2 16.07651 8.424 901.3 15.078
52 7,877 852.3 14.01753 7.365 805.4 12.926
54 7.127 783.4 12.450
55 7.627 829.5 13.410
56 8.180 879.5 14.464
57 8.728 928.4 15.420
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Appendix VI. (continued)
Run Th e r m o c o u p le
mv o c mv
Test XVII Xptj 0.643
113 8.982 950.6 18.550
114 8.412 900.6 17.308
115 7.856 850.3 15.982
116 7.336 802.8 14.559
117 7.096 780.6 13.838
118 7.615 328.3 15.361
119 8.164 878.1 16.749
1 2 0 8.732 928.7 18.015
Test VIII XPb = 0.590
58 8.995 851.9 21.385
59 8.438 902.4 19.794
60 7 . 8 8 8 853.2 17.985
61 7.365 805.3 16.266
62 7.131 783.9 15.32863 7.632 829.9 17.15964 8 .181 879 o 8 18.850
65 8.756 930.8 20.352
Test XVIII x pb = 0.522
1 2 1 8 o 983 950.9 24.016
1 2 2 8.421 901.1 22.322
123 7.858 850.5 20.526
124 7.346 803.7 18.694
125 7.091 780.1 17.637
126 7.612 828 o 1 19.756
127 8 • 160 877.7 21.563
128 8.726 928.3 23.401
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Appendix VI* (continued) 
Run Thermocouple
mv °G mv
Test IX XFb ~ 0*478
66 8*998 952*2 26.850
67 8*422 901*2 24.685
6 8 7*877 852*4 22*402
69 7*345 803*6 19*824
80 7*126 783*4 18*594
81 7*630 829*8 21.257
82 8*176 879.1 23*246
83 8*732 928*8 25*385
Test XXVI x ^  - 0*445
182 8*992 951*6 29*686
183 8*421 901*1 27*260
184 7*855 850*2 24*821
185 7.329 802.1 22*285
186 7*091 780*1 21*115
187 7*595 826.5 23.707
188 8*159 877*7 26*236
189 8*719 927.6 28*583
Test IV XFb * 0*403
27 8*701 925*9 31*608
28 8*189 880*3 29*361
29 7*606 827*4 26*742
30 7*100 780*9 24.219
31 7*355 804.5 25.512
32 7*874 851*9 27.800




m t r '    .....................   Omv mv
Test XXXVI Xpb = 0.361
241 8 0979 950.6 35.591
242 8  • 43 7 902.6 33.464243 7.876 852.1 30.238244 7.338 802.9 26.674
245 7.611 827.9 28.594
246 8.130 874.9 31.781
247 8.700 925.9 34.311
248 8.954 948.5 35.310
Test XXVII XPb ~ 0.322
190 8.964 949.2 41.404
191 8.430 901.9 38.106
192 7.864 850.9 34.454193 7.336 802.8 30.921194 7.109 781.8 29.346
195 7.611 827.9 32.925
196 8.171 878.6 36.531
197 8.720 927.6 39.785
Test XX - 0.293
137 3.979 950.6 45.139
138 8.414 900.5 41.730
139 7.847 819.5 38.050
140 7.322 801.5 34.241
141 7.092 780.2 32.538
142 7.611 827.9 37.173
143 8.150 876.8 40.338




mv o Q mv
Test XXVIII x Fd “ 0.261
198 8,978 950.5 49.920
199 8,409 899.9 46.050
2 0 0 7.855 850.2 42.060
2 0 1 7.341 803.2 38.134
2 0 2 7.105 781.4 36.241
203 7.602 827.1 40.257
204 8.141 875.9 44.360
205 8.727 928.3 48.514
Test XXI X II 0.182
145 8.974 950.1 67.502146 8.383 897.8 63.408
147 7.842 848.7 58.686
148 7.339 802.9 54.084
149 7.601 826.9 56.790
150 8.147 676.6 61.604
151 8.718 927.5 66.328
152 8.976 850.3 68.594
Test XXIX Xpb = 0.143
206 9.216 971.3 83.915
207 8.419 900.9 76.814
208 7.859 850.6 71.579
209 7.324 801.7 62.270
2 1 0 7.096 780.6 54.185
2 1 1 7.612 827.9 69.344
2 1 2 8.151 876.9 74.561
213 8.720 927.6 79.594




rnv   "  mv
Test XXII X K> = ° ' 0 9 6
154 9.207 970.8 105.535
155 8.705 926.3 100.402
156 8.143 876.2 74.329
157 7.619 828.7 73.502
158 7.110 781.9 53.372
159 7.346 803.7 61.897
160 7.862 850.8 84.613
161 8.507 908.8 98.219
162 8.974 950.1 102.805
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Appendix VII. Estimation of uncertainties in the








Figure 36. Uncertainties in the experimental values 
of S- and d£,f £>T versus the mol fraction 
of lead at 1204°K.
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